min% and 0.0 min%) than in patients of group D (6264.9 ± 1832.3 min% and 4486.5 ± 1664.9 min%, P < 0.001). Comparing the two groups, the number of uncontrolled hypertensive individuals in group D (12/20) was significantly more than group N (4/21) (P = 0.007). A significant correlation was observed between relative decrease in MAP and relative decrease in rSO 2 (r 2 = 0.495, P < 0.001). Moreover, nine patients (45%) in group D occurred early postoperative cognitive function decline were more than three patients (14.3%) in group N (P = 0.031). This pilot study showed a large proportion of hypertensive patient experienced cerebral desaturation during major abdominal surgery and uncontrolled hypertension predisposed to this desaturation. NCT02147275 (registered at http://www.clinicaltrials.gov).
Introduction
The near-infrared spectroscopy (NIRS) has been applied to continuously and noninvasively monitoring regional cerebral oxygen saturation (rSO 2 ) [1] , providing information about the equilibrium between cerebral oxygen supply and consumption [2] . This monitoring technology has been extensively used in cardiac and vascular surgery due to the high incidence of intraoperative brain hypoperfusion and cerebral vascular accidents [3] [4] [5] [6] . Moreover, recent studies show a high incidence of rSO 2 decrease measured by NIRS during thoracic surgery [7] [8] [9] and abdominal surgery [10, 11] and findings support that cerebral deoxygenation is common during non-cardiovascular surgeries [12, 13] . Few Abstract Hypertensive patients are more likely to experience latent cerebral ischemia causing regional cerebral oxygen saturation (rSO 2 ) decrease during general anesthesia. The aim of this prospective observational study was to assess the incidence of decreased rSO 2 in hypertensive patients undergoing major abdominal surgery and the perioperative factors affecting this change in rSO 2 . A total of 41 hypertensive patients were enrolled and stratified according to their hypertension as controlled and uncontrolled. The intraoperative rSO 2 and physiological data were routinely collected. The Mini-Mental State Exam (MMSE) was used to test cognitive function before surgery and after 4 days. Cerebral desaturation was defined as a decrease in rSO 2 of more than 20% of the baseline value. There were 20 patients (49%) suffering intraoperative cerebral desaturation classified into cerebral desaturation group (group D) and those 21 without intraoperative desaturation classified into normal group (group N). The area under the curve below 90 and 80% of baseline (AUC rSO2 <90% of baseline and AUC rSO2 <80% of baseline ) was lower in patients of group Electronic supplementary material The online version of this article (doi:10.1007/s10877-017-0024-0) contains supplementary material, which is available to authorized users. studies, however, focus on the impact of patients' comorbidity on the intraoperative cerebral oxygen saturation.
Hypertension, a common comorbidity in the perioperative period, causes cerebral artery hypertrophy and remodeling leading to both cerebrovascular structural and functional changes. This changes increase the lower limit of autoregulation of cerebral blood flow and shift the cerebral autoregulation curve to the right, which means cerebral blood flow would be easier to become dependent on blood pressure [14] . As the above reasons hypertensive patients are prone to cerebral ischemia and desaturation during periods of hypotension. In addition, intraoperative patients with hypertension frequently encounter labile hemodynamics [15, 16] . Therefore, it was hypothesized that hypertensive patients under general anesthesia may have a high risk of latent cerebral ischemia and rSO 2 decrease.
Thus, this prospective pilot study aimed to assess the incidence of decreased rSO 2 in hypertensive patients undergoing major abdominal surgery and explore which factors relating to the hypertension, such as preoperative medical history, complications and intraoperative vital signs, affect this change in rSO 2 .The early postoperative cognitive function impacted by the variation of rSO 2 during surgery in hypertensive patients was also detected.
Methods
The prospective pilot study involving human participants was approved by the Ethics Committee of Tongji Hospital affiliated Huazhong University of Science and Technology (HUST), Wuhan, China on 10 January 2014 and registered with ClinicalTrials.gov (Ref: NCT02147275). Written informed consent was obtained from all patients participated in this study.
From March to November 2014, we consecutively included patients older than 18 years with sustained hypertension for more than 3 years and scheduled for major abdominal, American Society of Anesthesiologists physical status (ASA) II-III, non-vascular surgery for at least 2 h under general anesthesia. This study excluded subjects with pre-existing cerebral malfunctions such as episodes of cerebral ischemia or stroke, ASA ≥ IV, hepatic failure, renal failure, preoperative Mini-Mental State Examination (MMSE) score less than 24, or a history of cardiovascular surgery or craniotomy.
The characteristics of patients' hypertension were assessed according to the guidelines [17] [18] [19] . Hypertension evaluation contained blood pressure levels and the stratification of risk to quantify prognosis based on the presence of other cardiovascular risk factors, target organ damage, and associated clinical conditions (Supplemental Table 1 , 2, 3). The patients were also stratified as controlled and uncontrolled. The control of hypertension was estimated by whether patients' blood pressure measurement of family, clinical history or the admission achieved the targets for controlled blood pressure (supplemental table 4).Throughout the study, standard monitoring methods including electrocardiography (ECG), heart rate (HR), invasive blood pressure (IBP), pulse oximetry (SpO 2 ), end-tidal carbon dioxide (ETCO 2 ), and nasopharyngeal temperature were used. Additionally, arterial blood gas analysis was measured at the discretion of the anesthesiologists. A spatiallyresolved NIRS device (FORESIGHT cerebral oximeter, CASMED, USA) was used to measure rSO 2 . Before general anesthesia induction, the sensors of rSO 2 were placed bilaterally on the patients' forehead. To avoid ambient light from affecting the measurements, an opaque plastic patch was applied to cover the sensors. The rSO 2 values were hidden from the anesthetist so that all the anesthetic management was not affected by the values. Baseline rSO 2 was considered as the average rSO 2 value of awake patients in breathing room air 5 min after the sensors positioned. A decrease in rSO 2 values more than 20% of the baseline value was diagnosed as cerebral desaturation. Standard monitoring variables and rSO 2 value were recorded every 5 min based on the time interval of electronic patients' data management system. The amount of decreased rSO 2 was reported as the area under the curve below 90 and 80% of baseline (AUC rSO2 <90% of baseline and AUC rSO2 <80% of baseline ) to compare between patients [20] . After operation, patients were classified into two groups; those with cerebral desaturation were in cerebral desaturation group (group D) and those without cerebral desaturation were in normal cerebral saturation group (group N).
Anesthesia was induced with propofol 1.5-2.0 mg kg −1 , sufentanil 0.4-0.5 μg kg −1 , and rocuronium 0.6 μg kg −1 . Mechanical ventilation launched with 40% oxygen mixture was regulated to sustain ETCO 2 ranging from 35 to 40 mmHg (tidal volume 8 ml kg Muscle relaxation was achieved with intermittent infusion of rocuronium. In the event that hemorrhage transcending 20% of the whole circulating volume, homologous blood was transfused to maintain the hemoglobin concentration was ≥8 g dl −1 .
The MMSE assessed cognitive function including orientation, registration, attention, calculation, recall, and language [21] . The test combines high validity and reliability with brevity and ease of application and suggests decline in cognitive function with repeated tests [22, 23] . Patient cognitive function was tested by a research assistant, not aware of intraoperative rSO 2 values, using MMSE on the day before surgery (baseline) and then repeated 4 days after surgery. A decrease in MMSE score ≥ 2 points from baseline was considered as an indication of postoperative cognitive function impaired [9-11, 24, 25] .
Due to lack of published literature to evaluate the incidence of rSO 2 decreased in hypertensive patient, we could not perform sample size calculations for this pilot study. A sample size of 45 patients was adopted to the exploratory study referencing the literature that rSO 2 decrease in older patients undergoing prolonged major abdominal surgery [26] . Patient characteristic data and intraoperative physiological data were expressed as mean ± standard deviation (SD), or as number (%) appropriately. Statistical analysis was performed using SPSS (v. 18.0, SPSS Inc., Chicago, IL, USA). Students't test or the Mann-Whitney U tests was appropriately adopted to compare continuous data. Categorical variables were analyzed utilizing the Pearson Chi-Square test or the Fisher's exact test where appropriate. The correlations between decreases in rSO 2 and standard monitoring parameters or the severity of cognitive decline used linear regression analysis. Significance was indicated by P < 0.05.
Results
Forty-five hypertension patients undergoing major abdominal surgery were consecutively enrolled. Three patients were excluded as surgery was canceled and one patient was excluded because of the FORE-SIGHT monitor failures. A total of 41 patients (male 24 and female 17, aged 48-72 year) were recruited to the data analysis of the exploratory research. 20 (49%) had cerebral desaturation (defined as a decrease in rSO 2 values more than 20% of the baseline value) during surgery and were assigned to group D (cerebral desaturation group). The rest of 21 patients without intraoperative cerebral desaturation were contained in group N (normal cerebral saturation group).
The operations included partial hepatectomy (group D = 6, group N = 7), radical prostatectomy (group D = 2, group N = 1), pancreaticoduodenectomy (group D = 6, group N = 7), colorectal resection (group D = 4, group N = 3) and others (group D = 2, group N = 3). All surgeries but two were uneventful and no patient experienced serious intraoperative complications. Two patients received 6U red cells transfusion due to massive blood loss.
There were no significant differences between two groups in terms of age, weight, height, gender and ASA. No differences in intraoperative data, including duration of surgery, infusion, urine, blood loss, starting Hb or lowest Hb, were observed between both groups (Table 1 ). In addition, comparing the two groups, the intraoperative HR, SpO 2 , ETCO 2 , temperature and Narcotrend index showed no significant differences (Table 1) .
According to the comprehensive clinical history and clinic or ambulatory blood pressure measurement, the mean duration of hypertension in group D was longer than that in group N (group D = 9.1 ± 3.1 years, group N = 7.0 ± 2.4 years; P = 0.017) and group D had more poorly controlled hypertensive individuals than group N (group D = 12, group N = 4; P = 0.007). There were significant differences in the systolic blood pressure (SBP) and MAP on admission between the two groups. Although there was no significant difference in the distribution of patients based on classification of blood pressure levels, significant differences were found in two groups patients based on stratification of risk to quantify prognosis ( Table 2) .
Baseline rSO 2 values which have a large patient-topatient variability showed no significant difference in two groups. However, significant differences were observed in the changes of intraoperative rSO 2 (Table 3 ; Fig. 2 ). The mean rSO 2 and minimum rSO 2 value of group D significantly decreased. The degree of decreased rSO 2 represented as AUC rSO2 <90% of baseline or AUC rSO2 <80% of baseline in group D was more severe than group N. The baseline values of blood pressure and MAP changes throughout surgery for the two groups of patients were similar (Table 3 ; Fig. 1 ). In the selected clinical parameters (age, operation time, hemoglobin, SpO 2 or ETCO 2 ) of group D, the maximum relative decrease in MAP was significantly correlated with maximum relative decrease in rSO 2 (r 2 = 0.558, P < 0.001). A significant positive correlation was also observed between relative MAP decrease and relative rSO 2 decrease during surgery (r 2 = 0.495, P < 0.001) (Fig. 3) . The patients had a baseline MMSE value of 28.3 ± 1.0 points (26) (27) (28) (29) (30) in group D and 28.3 ± 1.1 points (26) (27) (28) (29) (30) in group N, which decreased to 26.5 ± 3.0 points (21-30) and 27.7 ± 2.0 points (21-30) respectively 4 days after surgery. Early decline in postoperative cognitive function (decrease in MMSE score ≥ 2 points 4 days after surgery as compared to baseline value) was observed in nine patients (45%) in group D and 3 patients (14.3%) in group N (P = 0.031) ( Table 4) . A significant correlation was observed between the AUC rSO2 <80% of baseline and postoperative decrease in MMSE score from preoperative values in the D group patients who had intraoperative cerebral desaturation (r 2 = 0.28, P = 0.016; Supplemental Fig. 1 ). In addition the more serious degree of mild desaturation, rSO 2 decreased more than 10% of baseline, was observed in the three patients with early declined postoperative cognitive function comparing the AUC rSO2 <90% of baseline with others in group N (4866 ± 1130 min% vs. 2400 ± 1189 min%; P = 0.003).
In the total of 41 hypertensive patients, there were 16 patients with uncontrolled hypertension and the remaining 25 with controlled hypertension. Nine patients of impaired postoperative cognitive function in uncontrolled hypertension patients were significantly more than three in that of controlled hypertension patients (P = 0.002; Supplemental Table 5 ).
Discussion
This observational study indicates that a significant proportion of the hypertensive patients (49%) experienced cerebral oxygen desaturation (more than 20% from their baseline) undergoing major abdominal surgery. The duration, control and the stratification of risk to quantify prognosis about hypertension may be the risk factors for cerebral desaturation. We also found that there was a significant correlation between relative MAP decrease and relative rSO 2 decrease. Once the cerebral desaturation occurred in these patients, it may increase the likelihood of early postoperative cognitive decline 4 days after surgery. The severity of cognitive decline was also related to the degree of desaturation and this impaired cognitive function more likely occurred in uncontrolled hypertension patients. Even the association between desaturation and poor outcomes contained at least controversial. The studies of applying cerebral oximetry in cardiac anesthesia showed that a decrease of 20% from the rSO 2 baseline value increased postoperative complications, the length of postoperative mechanical ventilation time, and the total hospital stay [3, 4] . In the carotid endarterectomy, Samra and colleagues found that a threshold of 20% relative decrease in the pre-clamp rSO 2 can predict an increased incidence of neurological complications with 80% specificity and sensitivity [6] . Also in the patients who experienced thoracic surgery with single-lung ventilation (SLV), Hemmerling and colleagues [8, 9] reported that a significant proportion (56%) of the patients had a reduction of more than 20% from baseline values of rSO 2 . Therefore,the current study defined more than 20% relative decrease of rSO 2 baseline as criterion of cerebral oxygen desaturation. We found that a large proportion (49%) of patients with persistent hypertension experience cerebral desaturation. The results accorded with our hypothesis that patients with hypertension undergoing general anesthesia may have a high incidence of decreased rSO 2 since hypertension impacts cerebral autoregulation.
Comparing the preoperative characteristics between the two groups, the patients in group D had longer duration of hypertension and more poorly controlled blood pressure than the patients in group N. This could be due to the fact that the control and duration of hypertension may have an effect on the changes in the cerebral artery structure and function [14] . Hypertensive patients with poorly controlled blood pressure have a decline in total cerebral blood flow as they age [14] . An unexpected finding is the distribution of patients in stratification of risk to quantify prognosis for hypertension was significantly different between the two groups rather than the classification of blood pressure levels or the number of diabetic patients. To our knowledge, the stratification of risk to quantify prognosis are not just based upon the blood pressure level, but upon risk factors for cardiovascular diseases, for example age, gender, smoking, diabetes and cholesterol, also according to the presence of target-organ damage and associated clinical conditions such as cardiovascular or renal disease [27] . The results indicated that hypertensive patients estimated by risk stratification to predict the risk of cerebral desaturation may be better than simple classification with the blood pressure level or some concomitant diseases.
The data of this study has shown that relative MAP decrease is significantly associated with relative rSO 2 decrease during the surgery. This finding, to some extent, is in agreement with Moerman and colleagues' study that indicated that rSO 2 seems to reflect acute hemodynamic alterations during off-pump coronary artery bypass grafting [28] . The rSO 2 can be affected by some vasopressor agents through regulating MAP and cardiac output such as phenylephrine decreasing the rSO 2 when it raises the MAP [29] . To avoid the "false" low rSO 2 caused by the vasopressors, the transient hypotension during operation was treated with ephedrine increasing both MAP and rSO 2 [29] . In major abdominal surgery of elderly patients, Casati et al. [10] reported no correlation between decrease in rSO 2 and variations in MAP. The main reason for this difference may be that in their study, patients were relatively healthy but in our study all patients have had sustained hypertension. The hypertensive patients may be more sensitive to the MAP alterations because the cerebral autoregulatory curve is rightward shifted especially with the presence of pre-existing hypertension [30] .
Intraoperative blood pressure is often managed empirically on the basis of cerebral autoregulation, patient medical history, and preoperative blood pressure. According to cerebral autoregulatory curve, intraoperative hypotension somewhat arbitrarily defined as absolute values, or relative values, is deficient in individualization and lacks precision to reflect tissue perfusion [31, 32] . The cerebral autoregulatory curve, however, is derived from patients who have fewer comorbidities and generally younger than patients in present practices [33, 34] . This is also demonstrated by Joshi and colleagues that there was large variability in the lower threshold (43 to 90 mmHg) for cerebral autoregulation in patients during CPB, which indicates that the lower threshold of MAP, based on the preoperative history and blood pressure was inaccurate [35] . In our study, even we maintained the intraoperative mean decrease in MAP less than about 21% from baseline, cerebral desaturation also occurred and was correlated with changes in MAP. This result suggested that cerebral desaturation was sensitive to the change of MAP and applying NIRS to monitor cerebral saturation could provide guidance for intraoperative blood pressure management. In addition, our findings showed that the reduction in rSO 2 more than 20% from baseline might contribute to early cognitive function decline 4 days after surgery and the decreased score of MMSE was significant with the degree of AUC rSO2 <80% of baseline , which was consistent with the previous studies [3, 9, 11] .In the group N, three patients with more serious degree of mild cerebral desaturation, rSO 2 decreased more than 10% of baseline, occurred decreased postoperative cognitive function. According to the latest study [20] , the cerebral desaturation below 10% relative to baseline was required to intervene during high-risk cardiac surgery. The prolonged reduced rSO 2 , even less than 10% baseline, may also relate to adverse events. Hence, both degree and duration of the cerebral desaturation need to be considered as the threshold.
To the best of our knowledge, the current study was firstly to investigate the incidence of rSO 2 decrease in hypertensive patient and the possible factors causing this change. However, the limitations of the study should be considered. Firstly, the sample size of this pilot study was small. Nevertheless, we found large proportion of hypertensive patient occurred cerebral desaturation. The findings of this pilot research are novel and provide strength to justify the further, larger study of a randomized controlled trial. Secondly, the present study was observational only. The potential benefits of the outcome caused by applying rSO 2 to manage blood pressure should be investigated further using intervention trial [32] . Finally, only the MMSE was used to test the decline of early postoperative cognitive function. To our knowledge, there are more sensitive and specific tests can exam each element of cognitive function precisely [36, 37] . Nonetheless, the simple MMSE could possibly prompt cognitive impairment and be more easily accepted by patients who are failed to take complex tests 4 days after surgery.
In conclusion, this study indicated a large proportion of patients with persistent hypertension experienced cerebral desaturation during major abdominal surgery. In these cerebral desaturation patients there are more uncontrolled hypertension individuals. This decrease in rSO 2 was significantly correlated with the alternations in MAP and may lead to early cognitive function decline on the 4th day after surgery. These data might indicate that the blood pressure management based on individualized estimates and monitoring the target-organ balance between oxygen demand and supply may be beneficial for hypertensive patient.
